This work aims to evaluate the potential risks of incidents in nuclear research reactors. For its development, two databases of the International Atomic Energy Agency (IAEA) were used: the Research Reactor Data Base (RRDB) and the Incident Report System for Research Reactor (IRSRR). For this study, the probabilistic safety analysis (PSA) was used. To obtain the result of the probability calculations for PSA, the theory and equations in the paper IAEA TECDOC-636 were used. A specific program to analyse the probabilities was developed within the main program, Scilab 5.1.1. for two distributions, Fischer and chi-square, both with the confidence level of 90 %. Using Sordi equations, the maximum admissible doses to compare with the risk limits established by the International Commission on Radiological Protection (ICRP) were obtained. All results achieved with this probability analysis led to the conclusion that the incidents which occurred had radiation doses within the stochastic effects reference interval established by the ICRP-64.
INTRODUCTION
Nuclear research reactors are considered important tools in nuclear science. For more than 50 y they have allowed scientists to make huge contributions to educational and development programs in more than 70 countries around the world. More than 675 research reactors were built up to the year 2007, and 278 of them are maintained in continuous operation (86 located in developing countries) (1) . During this period, considering all research reactors still under regulatory control, they account for 17 400 y of operational experience [the operational experience is named demand (d) in this work] (1, 2) . Safety and security concerns, as well as prevention policy, have stimulated the development of this work, which leads to the comparison and analysis of incidents, considered up to level 3 in the International Nuclear Events Scale (INES) of the International Atomic Energy Agency (IAEA) (3) . Therefore, using the data bases RRDB (1) and IRSRR (2) and with the knowledge obtained from abnormal events and following the Guide (4) on IRSRR, making classifications of the incidents and calculating the occurrence probabilities is possible. A comprehensive list of nuclear research reactor incidents may be found within Incident Report System for Research Reactor (IRSRR) reports (2, 4) : until March 2008, a total of 154 incidents had occurred. These data, as well as the total operational experience by incident type, were used to calculate the probabilities of these abnormalities. Doses foreseen for these situations (which may not occur) are defined as potential expositions, and the situations that generate them are defined as potential situations (5, 6) . This work determined the total occurrence probabilities, applying the probabilistic safety analysis (PSA) suggested at TECDOC-636 (7) . Statistical evaluation for the occurrence risk of abnormal events provides a wide view of the radiological protection within nuclear research reactors' design, allowing regulating bodies to obtain a complimentary database for the implementation of new and updated guidelines, thus lowering the occurrence of abnormal events at nuclear plants and improving operational safety.
Objective
The main purpose of this work is to study the various incidents described by IRSRR (2) and produce a statistical analysis procedure for the prevention of possible occurrences inside operational nuclear research reactors and new plants. It also aims to estimate maximum allowable doses for such events, so that annual risk limits established by International Commission on Radiological Protection (ICRP) (8, 9) may be enforced.
METHODS

Total operational experience (d ) was obtained from
Research Reactor Data Base (RRDB) (1) data for each nuclear research reactor by means of the operational experience summation, since the first criticality up to March 2008. From IRSRR (2, 4) , the incident number for the same period was obtained and, later, all data were co-related. Data from IRSRR was restricted to member countries of the IAEA and may be accessed only by authorisation of the country's nuclear regulatory commission, as were the data presented in this study. From RRDB and IRSRR data, it was possible to identify incidents by occurrence type; human error, human error plus mechanical failure, electro-mechanical failure and many other incident causes that are most important for the IAEA Nuclear Research Reactors Safety Department. Data from IRSRR related to incident numbers were deployed by the IAEA as classified material, with an expiration date of March 2008, during the last update of that survey.
A specific PSA calculation computational program (10) , for the chi-square and Fischer distributions, was developed, inserting the equations recommended by the IAEA TECDOC-636-Appendix D, pp. 77 -79 (7) at Scilab 5.1.1. This procedure allowed probability calculations to be obtained for the incidents described at the IRSRR (2, 4) . Using Sordi equations, the maximum admissible doses compared with the risk limits established by the ICRP-64, were achieved.
RESULTS AND DISCUSSION
Sordi equation
where D represents effective dose in mSv, and P denotes the occurrence probability of a potential exposure presented at IRPA-10 (11) and used to calculate doses between 0.1 and 2.0 Sv, in the quadratic range. Table 1 shows the results obtained using this equation, were obtained the incident probabilities per year as a function of the maximum allowable doses established by risk limits-ICRP-64 (9) . Using data from Table 1 , the curve shown at Figure 1 was adjusted. This adjustment led us to obtain the following equation:
where X represents a risk probability, Y is the evaluated dose and a, b, c and d are constants. Incident types were classified according to the IRSRR classification guide (4) , such as human error, human error plus mechanical failure, electro-mechanical failure and other incident causes. On the basis of the values, the total operational experience (d) and incident number (nd) were related by category, for all nuclear research reactors under regulatory control built until 2008, as shown in Table 2 . The term 'other causes' is associated with factors such as environmental problems (earthquakes, heavy rain, hot weather, cold weather, flood and heavy storms), design errors, computational models (software), management, communication, safety culture, plant ageing, maintenance, tests plus inspections and quality control according to the IRSRR (2, 4) . The average probability occurrence of the incidents, according to their category, was determined by PSA, using the equations recommended in the TECDOC-636 (7) and the maximum allowable dose was determined by the equation (2) obtained adjusting the values of Figure 1 .
Maximum allowable doses (Table 2) were calculated with results from average probabilities of Fischer and chi-square distributions, using the adjusted equation (2), where a¼46.277, b¼ 2273.3 40, c¼19 616.904 and d¼1.383; calculations were done for probability intervals of 1Â10 V. M. LOPES ET AL.
CONCLUSION
Data from Table 2 show uniformity for average probabilities obtained by PSA and the maximum allowable doses, considering that all distributions were symmetrical. There is a tendency for normal distributions for all data used in this analysis, which are shown in Table 2 . According to ICRP-103 (8) , the annual limit for effective radioactive doses for workers of the nuclear and radioactive installations is the 50.0 mSv. The calculated doses have a maximum of 111.4 mSv (2.23 times the annual limit).
These results show that the summation of the abnormal events (incidents) generate doses above the annual allowable limits. In order to observe that there is no difference in the application results, Chisquare and Fischer distributions were applied. All results obtained with this probability analysis lead to the conclusion that the occurring incidents, related by the Data Base of the IRSRR (2, 4) , show radiation doses within the reference interval of stochastic effects established by ICRP-64 (9) . This analysis may be used, for example, to supervise the maximum period of preventive maintenance for nuclear installations. Where d, demand; nd, incident number; P Av , average probability the same for Fisher and Chi-square distribution per year.
